C] lactate. However, to date, lower grade gliomas had not been investigated using this approach. The most prevalent mutation in lower grade gliomas is the isocitrate dehydrogenase 1 (IDH1) mutation, which, in addition to initiating tumor development, also induces metabolic reprogramming. In particular, mutant IDH1 gliomas are associated with low levels of lactate dehydrogenase A (LDHA) and monocarboxylate transporters 1 and 4 (MCT1, MCT4), three proteins involved in pyruvate metabolism to lactate. We therefore investigated the potential of 13 C MRS of hyperpolarized [1-13 C] pyruvate for detection of mutant IDH1 gliomas and for monitoring of their therapeutic response. We studied patient-derived mutant IDH1 glioma cells that underexpress LDHA, MCT1 and MCT4, and wild-type IDH1 GBM cells that express high levels of these proteins. Mutant IDH1 cells and tumors produced significantly less hyperpolarized [1-
Hyperpolarized
13 C MR imaging detects no lactate production in mutant IDH1 gliomas: Implications for diagnosis and response monitoring 
Introduction
Magnetic resonance imaging (MRI), including sequences such as T2-weighted, T1-weighted post injection of Gadolinium contrast agent, or fluid attenuated inversion recovery (FLAIR), is the most widely used imaging modality in clinical neuro-oncology (Ryken et al., 2014) . By providing anatomic and structural information about neoplasms and surrounding parenchyma, clinically-available MRI sequences enable diagnosis and grading of gliomas. However, complete assessment of brain tumor patients, including monitoring of early response to therapy and prediction of outcome, remain challenging (McKnight, 2004) .
In an effort to address some of these challenges, multiple metabolic imaging stragegies have been developed Chronaiou et al., 2014; Golman et al., 2006; Nelson et al., 2013b) . In particular, 1 H MR spectroscopy (MRS), which can non-invasively assess steady-state metabolite levels, has been successfully used in the clinical setting to complement the anatomic and structural information generated by MRI, improving clinical practice (McKnight, 2004; Nelson, 2003) . Over the past decade, an additional technique named 13 C MRS/ spectroscopic imaging (MRSI) of hyperpolarized compounds has also shown great promise in preclinical studies (for reviews see references Chaumeil et al., 2015b; Kurhanewicz et al., 2011) ). This imaging strategy, based on the dissolution dynamic nuclear polarization (DNP) method (Ardenkjaer-Larsen et al., 2003) , increases the MR detectable signal-to-noise ratio (SNR) of hyperpolarized 13 C-labeled probes by over 10,000 fold, enabling direct monitoring of their metabolism in real time by 13 C MRS and MRSI. The conversion of hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate to [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] lactate catalyzed by the enzyme lactate dehydrogenase A (LDHA) has been the most commonly investigated reaction in oncology Chaumeil et al., 2015b; Kurhanewicz et al., 2011) , as expression of LDHA is dramatically increased in most cancer types, associated with the "Warburg effect" (Warburg, 1956) . In neuro-oncology, increased hyperpolarized [1-
13
C] lactate production linked to overexpression of LDHA has been used for tumor detection in several preclinical murine models of glioblastoma (GBM) (Chaumeil et al., 2012; Park et al., 2011b; Park et al., 2010; Park et al., 2014; Venkatesh et al., 2012b; Ward et al., 2010a) . Furthermore, this method was also shown to enable early imaging of response to targeted therapies and chemotherapy in GBM. A decrease in the hyperpolarized lactate-to-pyruvate ratio was observed in GBM cells following treatment with inhibitors of the phosphoinositide 3-kinase/ mammalian target of rapamycin (PI3K/mTOR) pathway. It was correlated with a drop in LDHA activity, mRNA, and protein levels (Venkatesh et al., 2012b; Ward et al., 2010a) and this finding was further confirmed in vivo in orthotopic GBM tumors in rats (Chaumeil et al., 2012) . Temozolomide (TMZ), the standard of care chemotherapeutic agent for GBM, was also shown to induce an early decrease in the hyperpolarized lactate-to-pyruvate ratio in orthotopic GBM models, alone (Park et al., 2011b; Park et al., 2014) or in combination with PI3K pathway inhibitors (Radoul et al., 2016) . Importantly, the first in-man Phase I clinical trial of the technology was performed in 2013, and demonstrated that 13 C MRSI of hyperpolarized [1-13 C] pyruvate could be successfully used for tumor detection in prostate cancer patients (Nelson et al., 2013b) . Several other trials, including ones for brain tumor patients, are now underway in many sites across the world (clinicaltrials.gov). Despite the increased interest in translating the DNP-MR strategy to the clinical neuro-oncological setting, no preclinical studies have assessed the value of 13 C MRS of hyperpolarized [1-13 C] pyruvate in lower grade gliomas, which we now understand differ both genetically and metabolically from primary GBM (Goodenberger and Jenkins, 2012; Huse et al., 2011) . Primary Grade IV GBM are associated with multiple genetic alterations including EGFR amplification and TP53, PTEN, and RB1 mutation/loss (Cancer Genome Atlas Research, 2008) . From a metabolic perspective, GBM tumors overexpress the LDHA enzyme, which catalyzes the pyruvate to lactate conversion (Cancer Genome Atlas Research, 2008) , and increase the expression of the monocarboxylate transporters 1 and 4 (MCT1 and MCT4), which control cellular influx of pyruvate and efflux of lactate (Enerson and Drewes, 2003; Halestrap, 2012; Izumi et al., 2003; Parks et al., 2013; Pinheiro et al., 2012) . In contrast, in lower grade Grade II and III oligodendroglioma and astrocytoma, as well as in secondary upgraded GBM, up to 90% of tumors harbor a mutation in the isocitrate dehydrogenase 1 (IDH1) enzyme (Cancer Genome Atlas Research N et al., 2015; Parsons et al., 2008; Yan et al., 2009 ). Mutant IDH1 catalyzes the reduction of α-ketoglutarate (α-KG) to 2-hydroxyglutarate (2-HG), resulting in nonphysiological levels of this oncometabolite that induces epigenetic perturbations and ultimately leads to tumorigenesis (Dang et al., 2009; Yang et al., 2012) . Importantly, the IDH1 mutation also leads to a broad and unusual reprogramming of cellular metabolism (Chesnelong et al., 2014; Elkhaled et al., 2014; Esmaeili et al., 2014; Grassian et al., 2014; Izquierdo-Garcia et al., 2014; Izquierdo-Garcia et al., 2015b; Ohka et al., 2014; Reitman et al., 2014; Reitman et al., 2011; Tonjes et al., 2013) . By investigating clinically derived samples and cell models, we demonstrated that the genes coding for LDHA (LDHA), MCT4 (SLC16A3) and MCT1 (SLC16A1), that are typically overexpressed in GBM, are silenced or underexpressed in IDH1 mutant gliomas (Chesnelong et al., 2014; Luchman et al., 2012; Viswanath et al., 2016) , suggesting an atypical pyruvate metabolism in these tumors. We therefore decided to investigate the value of 13 C MRS of hyperpolarized [1-13 C] pyruvate for tumor detection and monitoring of therapeutic response in this tumor type. To do so, we investigated a recently developed patient-derived model of Grade III mutant IDH1 oligoastrocytoma, in which LDHA, MCT4 and MCT1 were shown to be underexpressed (Chesnelong et al., 2014; Viswanath et al., 2016 
Perfusion system
For MRS studies of live cells, mutant IDH1 glioma cells (n = 3 BT142) were encapsulated in agarose beads and GBM cells (n = 3 U87) grown on microcarrier beads (NUNC) (Chesnelong et al., 2014; Venkatesh et al., 2012b; Ward et al., 2010a) . After 24 h,~3 × 10 7 cells were loaded into a 10-mm NMR tube and connected to a perfusion system (Chesnelong et al., 2014; Venkatesh et al., 2012b; Ward et al., 2010a) . Briefly, an atmosphere of 5% CO 2 /95% air was maintained in the perfusion system, and growth medium was circulated through the cells at a flow rate of 1.5 mL·min −1 using a peristaltic pump. A port on the inflow line allowed for injection of the hyperpolarized pyruvate solution, during which time the perfusion was briefly stopped. Prior to and following each injection of hyperpolarized material, cell viability was confirmed by recording 31 P MR spectra. All experiments were performed at 37°C.
Tumor bearing animals
The Institutional Animal Care and Use Committee of the University of California, San Francisco, approved all animal research. Athymic mice (BT142: Fox Chase SCID n = 5; U87: rnu/rnu homozygous n = 5; average weight 28 g; female; 6-week old at the time of intracranial injection; Charles River Laboratories, Wilmington, MA) were used. An hour before intracranial injection, BT142 or U87 cells were washed once with PBS, ). A volume of 3 μL of cell suspension was slowly injected into the right putamen using the freehand technique (Chaumeil et al., 2013; Chaumeil et al., 2012; Chesnelong et al., 2014) . Buprenorphine (0.05 mg·kg , V = 50 μL) were injected subcutaneously before tumor cell injection and subsequent doses given at later time points according to veterinary recommendations in order to ensure optimal pain management.
For in vivo imaging studies, mice were anesthetized using isoflurane (1.5% in O 2 , 1.5 L·min ) and a 27G catheter was secured in the tailvein for injection of hyperpolarized material. During each MR session, temperature and respiration rates were continuously monitored and kept within a constant range to ensure animal well-being and to minimize the potential effect of isoflurane anesthesia on the metabolic measurements (Josan et al., 2013) (respiration: 80 ± 10 breaths per minute; temperature 37.0 ± 0.4°C).
Temozolomide treatment
Once the tumor reached a size of~100 mm 3 as assessed from T2-weighted MR images, BT142 tumor-bearing animals were treated with 4 ml.kg −1 TMZ (n = 3; Sigma Aldrich, St. Louis, MO) in Ora-Plus vehicle (Perrigo, Dublin, Ireland) by oral gavage at a dose of 5 mg·kg −1 (v = 150 μL per dose). TMZ was given once daily Monday to Friday for up to 70 days, after which time animals were euthanized.
Hyperpolarized [1-13 C] pyruvate
A volume of 6 μL (for cells) or 24 μL (for animals) of [1-
13
C] pyruvate (14.1 M neat, 15 mM OX63 radical, 0.4 mM Dotarem) was polarized for 1 h using a hypersense polarizer (Oxford Instruments) (Chaumeil et al., 2013; Chaumeil et al., 2012; Chesnelong et al., 2014; Park et al., 2014; Venkatesh et al., 2012a; Ward et al., 2010a) . Hyperpolarized [1- 
MR data acquisition in perfused cells
For cell studies, dynamic sets of hyperpolarized 13 C spectra were acquired on an 11.7 T INOVA high-resolution spectrometer (Agilent Technologies, Palo-Alto, CA) starting at the beginning of the pyruvate injection using a pulse-acquire sequence (13°flip angle (FA), 3 s repetition time (TR), total acquisition time Tacq = 300 s) (Chaumeil et al., 2013; Chesnelong et al., 2014; Ward et al., 2010a) .
31
P MR spectra were acquired prior to and following 13 C MRS using a pulse-acquire sequence (proton-decoupled, 30°FA, TR = 3 s, spectral width SW = 10 kHz, 10,000 points, number of transients NT = 500) (Chesnelong et al., 2014; Venkatesh et al., 2012b; Ward et al., 2010a) .
In vivo MR data acquisitions
All in vivo MR experiments were conducted on a mouse-dedicated 14.1 T MR system equipped with 100 G·cm −1 imaging gradients (Agilent Technologies, Palo-Alto, CA). For T2-weighted acquisitions, a single channel 1 H volume coil was used (Ø I = 40 mm).
13
C metabolic imaging was performed using a dual tune 1 H-13 C volume coil (Ø I = 40 mm). BT142 tumor-bearing animals (n = 5 controls; n = 3 TMZ treated) and U87 tumor-bearing animals (n = 5 controls) were used in this study (n = 13 animals total). When the tumor reached~100 mm 
MR data analysis
Tumor size was measured from the T2-weighted MR images using the in-house SIVIC software, as previously described (Chaumeil et al., 2012; Nelson, 2001) . Manual contouring of the tumor was performed in each axial slice, and the final volume was automatically calculated as the sum throughout slices of the tumor area times the slice thickness.
For spectroscopic data, all spectral assignments were based on literature reports (e.g. www.hmdb.ca). The integrals of hyperpolarized [1-13 C] pyruvate and hyperpolarized [1-13 C] lactate were quantified by peak integration of the dynamic hyperpolarized 13 C spectra using ACD/Spec Manager 9 (for cell studies) (Chesnelong et al., 2014; Venkatesh et al., 2012a; Ward et al., 2010a) or using the SIVIC software (for in vivo studies) (Chaumeil et al., 2013; Chaumeil et al., 2012; Chesnelong et al., 2014 C] pyruvate levels were calculated from the tumor VOI and from a VOI containing the major blood vessels in the animal neck. The ratio between the hyperpolarized [1-13 C] pyruvate levels (AUC) in those two regions was then calculated for each animal in order to compensate for variability in intravenous injections.
Western blotting analysis
One hour after the end of the last hyperpolarized 13 C MR experiment, untreated animals (n = 5 BT142, n = 5 U87) were euthanized. Brains were resected and rapidly dissected to isolate the tumor from the normal brain tissue. Tumors were then quickly snap-frozen in liquid N 2 and kept at −80°C until further processing. Tumor tissues were later lysed using lysis buffer (Cell Signaling Technology) in the presence of protease inhibitor (Calbiochem, Merck KGaA). For each cell line, 1 × 10 6 cells were lysed using the same procedure.
For both cells and tumor lysates, Bradford analysis was first performed to assess protein content. Denatured proteins were then electrophoresed on 10% Biorad Ready gels (Life Science Research, Hercules, CA) using the SDS-PAGE method and electrotransferred onto polyvinylidene fluoride membranes (n = 3 for each cell line and each tumor type). Blots were probed for LDHA (dilution 1:100, Abcam, Cambridge, MA), MCT1 (dilution 1:400, Abcam, Cambridge, MA), MCT4 (dilution 1:400, Abcam, Cambridge, MA), and β-tubulin (dilution 1:1000, Cell Signaling Technology, Danvers, MA) and visualized using an enhanced chemiluminescence kit (ThermoFisher Scientific, Waltham, MA). Bands were quantified using the ImageJ software (NIH) and normalized to β-tubulin.
Statistical analysis
All results are expressed as mean ± standard deviation. For the survival study, survival probabilities were calculated according to the Kaplan-Meier method and compared with the log-rank test. For all other experiments, two-tailed Student t-test was used to determine the statistical significance of the results. A p-value below 0.05 was considered significant (*p b 0.05; **p b 0.01; ***p b 0.005).
Results

Unlike in GBM cells, hyperpolarized [1-
13 C] lactate production is not elevated in mutant IDH1 glioma cells, associated with LDHA, MCT1 and MCT4 silencing First we confirmed that our BT142 cells reduced expression of LDHA, MCT1 and MCT4, as previously reported by others (Chesnelong et al., 2014; Viswanath et al., 2016) . Western blot analysis showed that LDHA and MCT4 were virtually silenced in BT142 cells, whereas both proteins were highly detectable in U87 cells ( Fig. 1A; BT142 and U87 orthotopic tumors were readily detectable using T2-weighted MR imaging as illustrated in Fig. 2A . BT142 mutant IDH1 glioma tumors reached 100 mm 3 in 95 ± 12 days post intracranial injection whereas U87 GBM tumors reached the same size at 19 ± 6 days, consistent with the slower growth of lower grade mutant IDH1 tumors compared to GBM in patient data (Chung et al., 2015) . We then investigated hyperpolarized [1-13 C] lactate production from hyperpolarized [1-13 C] pyruvate. As shown in Fig. 2A & B, and in line with previous studies in GBM tumors (Chaumeil et al., 2012; Park et al., 2011b; Park et al., 2010; Park et al., 2014; Venkatesh et al., 2012a; Ward and Thompson, 2012) As shown in Fig. 2D , MCT1 levels were highly variable and not significantly different between U87 and BT142 tumors, (MCT1 BT142 = 185 ± 104% of U87; p N 0.05). However, in line with our cell results, MCT4 and LDHA were virtually silenced in BT142 tumors, in contrast to high levels of expression detected in U87 GBM (***p b 0.005; Fig. 2D & E) .
Hyperpolarized [1-
13 C] pyruvate levels are comparable between BT142 mutant IDH1 gliomas and U87 GBM tumors Pyruvate transport into the cell is mediated primarily by MCT1 but also by MCT4 (Enerson and Drewes, 2003; Halestrap, 2012; Izumi et al., 2003; Parks et al., 2013; Pinheiro et al., 2012) . We therefore wanted to rule out reduced hyperpolarized pyruvate delivery to the tumor as an explanation for the low levels of hyperpolarized lactate production observed in our mutant IDH1 tumor. To do so, we measured the levels of hyperpolarized pyruvate that reached the tumor VOI for both gliomas. As shown in Fig. 3 C] lactate production, which was previously shown to be altered by TMZ treatment in GBM, would be affected in any way by TMZ treatment in mutant IDH1 tumors. Our anatomic imaging showed that TMZ treatment induced a significant decrease in tumor size starting at day 14 of treatment, and ultimately led to a complete disappearance of the tumor on the T2-weighted MR images (after day 62, n = 3, Fig. 4A ). Furthermore, TMZ treatment significantly increased the survival of BT142 tumorbearing animals, as shown in Fig 
Discussion
This study investigated the value of hyperpolarized 13 C MRS for detecting mutant IDH1 tumors and their response to treatment. We compared findings from the recently isolated, clinically-derived BT142 grade III mutant IDH1 model, to observations in a previously established primary Grade IV GBM model. Unlike pairs of genetically-engineered mutant and wild-type IDH1-expressing cells used in prior studies Chaumeil et al., 2013; Izquierdo-Garcia et al., 2014; Izquierdo-Garcia et al., 2015a; Izquierdo-Garcia et al., 2015b) , this approach precludes a direct comparison between wild-type and mutant IDH1-associated events. However, it should be noted that an in vivo comparison between genetically engineered mutant and wild-type IDH1-expressing tumors is not straightforward. Most wild-type IDH1 cells that do not harbor additional genetic alterations (including the commonly used immortalized human astrocyte model (Izquierdo-Garcia et al., 2014; Izquierdo-Garcia et al., 2015a; Izquierdo-Garcia et al., 2015b; Sonoda et al., 2001 )) fail to form tumors in vivo. As a result, previous in vivo comparisons have used models engineered from primary GBM, and therefore the metabolic findings could be confounded by events associated with GBM development. Furthermore, when investigating genetically engineered models, mutant IDH1-associated reprogramming depends on the number of passages that cells have been in culture (Turcan et al., 2012) , also potentially limiting the significance of results. Here we investigated patient-derived models while linking our imaging findings to biological observations made in these and other models, as well as in The Cancer Genome Atlas (TCGA) clinical data (Chesnelong et al., 2014; Viswanath et al., 2016) .
From a technical perspective, in our in vivo studies we used a novel 2D dynamic MRSI sequence allowing acquisition of the full hyperpolarized lactate and pyruvate kinetics. Unlike single time point sequences, which have been the most commonly used to date, this type of acquisition limits quantification errors due to temporal differences in the kinetics of substrate and products between different regions of interest, increasing the robustness of the acquired data (Sukumar et al., 2012) . Furthermore, acquisition of dynamic data enabled us to conduct our analysis using the AUC ratio, which, as recently described by Daniels et al., performs significantly better than lactate-to-pyruvate ratio at the time of maximum lactate signal, and produces similar statistical results to any kinetic modeling Daniels et al. (2016) ). Using this sequence and subsequent AUC analysis, we first demonstrated a high lactate-to-pyruvate AUC ratio in U87 tumors, in line with numerous previous studies on GBMs (Chaumeil et al., 2012; Park et al., 2011b; Park et al., 2010; Park et al., 2014; Radoul et al., 2015b) . In contrast, in BT142 mutant IDH1 orthotopic tumors, hyperpolarized [1-
13 C] lactate production was barely above noise level.
We also wanted to investigate if in situ substrate levels could be contributing to the detected differences in hyperpolarized [1-13 C] lactate production between tumor types. To do so, ideally one would want to measure the arterial input function (AIF) for each animal and each injection, similar to Positron Emission Tomography (PET) studies. However, measuring an AIF in DNP-MR studies remains challenging. It has only been evaluated in a few specialized studies in vivo, by using an implantable coil in the rat carotid (Marjańska et al., 2012) , quantifying the signal from the injected hyperpolarized substrate in a catheter adjacent to the coil (Kazan et al., 2013) , or by extrapolation of the data using a gamma-variate function (von Morze et al., 2011) . Here, we used a more simplistic approach in which we compared the AUC of pyruvate in the tumor voxel to the same parameter in a voxel containing major neck blood vessels and no cerebral tissue. This approach, while not an AIF measurement, helps minimize confounding factors that affect the signal intensity in the tumor voxel, and in particular polarization level at the time of injection and inter-study variability in injection rates. Using this analysis, our results demonstrate a comparable level of hyperpolarized [1-13 C] pyruvate in BT142 and U87 tumor voxels, ruling out a major effect of substrate availability on the low hyperpolarized [1-13 C] lactate production observed in BT142 tumors.
Our biochemical results confirmed previous studies by Chesnelong et al. (Chesnelong et al., 2014) and Viswanath et al. (Viswanath et al., 2016) indicating LDHA and MCT4 silencing in mutant IDH1 BT142 gliomas, both in cell lysates and in resected tumor lysates. Additionally, we showed that MCT1 expression was lower in BT142 cell lysates than in U87 cell lysates, also in line with the report by Viswanath et al. (Viswanath et al., 2016) . However, this observation did not hold in the in vivo setting. A possible reason for this is that MCT1 levels were only 19 ± 5% lower in BT142 cells than in U87 cells, as compared to N99% lower for LDHA and MCT4. It is thus likely that the difference in MCT1 levels between the two tumors was diluted by other cell types within the brain parenchyma, which typically presents high levels of MCT1 under physiological conditions (Chiry et al., 2006; Gerhart et al., 1997; Pierre et al., 2000) .
LDHA, MCT1 and MCT4 are all involved in pyruvate metabolism, and their relative levels have been shown to play important roles in hyperpolarized [1-
13 C] lactate production Chaumeil et al., 2015b; Kurhanewicz et al., 2011 (Enerson and Drewes, 2003; Halestrap, 2012; Izumi et al., 2003; Parks et al., 2013; Pinheiro et al., 2012) . Interestingly, elevated expression of MCT4 has been linked to lower hyperpolarized [1-
13
C] lactate production, through a decreased intracellular lactate pool (Keshari et al., 2013; Sriram et al., 2015) lactate detected in BT142 tumors (Day et al., 2007) . The contribution of intracellular lactate levels to the production of hyperpolarized lactate could be assessed in our models using dedicated sequences such as MAD-STEAM Swisher et al., 2014) or diffusion-weighted DNP-MR (Koelsch et al., 2015) . These would tease apart the respective contributions of the vascular, intracellular and extracellular compartments to the signal of each hyperpolarized metabolite. Nonetheless, regardless of the subtilities of the underlying mechanisms, our findings with regard to low hyperpolarized [1-13 C] lactate levels in vivo in BT142 tumors are likely primarily associated with LDHA silencing, and demonstrate the highly unusual imaging profile of this tumor type. From a therapeutic perspective, a drop in hyperpolarized [1-
C] lactate production has been consistently observed in response to treatment and is currently entering clinical trials as a biomarker of response in multiple cancer types including glioma Chaumeil et al., 2012; Nelson et al., 2013a; Park et al., 2011a; Park et al., 2014; Radoul et al., 2015a; Venkatesh et al., 2012a; Ward et al., 2010b) . We therefore wanted to clearly demonstrate that, unlike in other cancers, hyperpolarized [1-
13 C] lactate is unlikely to be informative of response in mutant IDH1 gliomas. Our study showed that TMZ treatment induced a dramatic shrinkage of mutant IDH1 tumors that was associated with a significant increase in survival. This is in line with previous reports of high chemo-sensitivity for mutant IDH1 glioma (Cairncross et al., 2013) , and points to the likely relevance of the BT142 model for assessment of therapeutic approaches for mutant IDH1 tumors. Furthermore, as expected, our findings with regard to using 13 C MRS of hyperpolarized [1-13 C] pyruvate for predicting response to therapy were in contrast to previous work in primary wild-type IDH1 GBM. Previous investigations of GBM models showed a significant decrease in hyperpolarized [1-13 C] lactate-to-pyruvate ratio as early as one day post treatment with TMZ and before any changes in tumor size (Park et al., 2011b; Park et al., 2014) ; our study in BT142 tumors shows that hyperpolarized lactate levels remained unchanged during TMZ treatment, even though tumor size decreased. This result not only demonstrates the unique metabolic profile of mutant IDH1 tumors following therapy, but also confirms the need for alternative imaging approaches for early assessment of drug action and for predicting response to TMZ in mutant IDH1 tumors.
Conclusion
Our results demonstrate that mutant IDH1 gliomas present a highly unusual metabolic imaging profile. Unlike any other cancer investigated to date, this tumor type is characterized by an absence of elevated hyperpolarized [1- C] lactate can be viewed as a unique feature of mutant IDH1 gliomas. This imaging strategy could thus be combined with other metabolic imaging approaches such as 1 H MRS to detect elevated 2-HG levels (Andronesi et al., 2012; Choi et al., 2012; Elkhaled et al., 2012; Pope et al., 2012) , or hyperpolarized 13 C MRS to monitor elevated [1-13 C] 2-HG (Chaumeil et al., 2013) and reduced [1-13 C] glutamate synthesis and, collectively, these imageable mutant IDH1-associated metabolic alterations that are detectable by MRS could serve to specifically identify mutant IDH1 tumors in patients.
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